Glucagon
Introduction
Glucagon-like peptide-1 (GLP-1) is a peptide hormone that is released by enteroendocrine L cells in the intestine (Creutzfeldt, 2001) . GLP-1 is also a neuropeptide (Jin et al., 1988) regulating several neuroendocrine and autonomic responses (Turton et al., 1996) . Both intravenous and intracerebroventricular administrations of GLP-1 receptor (GLP-1R) agonists increase blood pressure and heart rate and induce Fos-like immunoreactivity (Fos-IR) in autonomic regulatory groups (Barragan et al., 1999; Seeley et al., 2000; Yamamoto et al., 2002) . We found previously that intravenous administration of the GLP-1R agonist exendin-4 (EXN-4) induced Fos-IR in neurons of the area postrema (AP) to a greater extent than intracerebroventricular EXN-4. The AP lacks a blood-brain barrier and contributes to the regulation of several autonomic functions, including blood pressure and heart rate (Ferguson and Marcus, 1988; Chan and Sawchenko, 1994) , food and water intake (Edwards and Ritter, 1981) , emesis (Carpenter, 1990) , conditioned taste aversion (Gallo et al., 1988) , and the secretion of neuroendocrine hormones (Iovino et al., 1988) . In the AP, GLP-1 binding sites (Goke et al., 1995; Orskov et al., 1996) and GLP-1 receptor mRNA (Merchenthaler et al., 1999) are abundant, suggesting that the AP is a key site for peripheral GLP-1 to activate central autonomic pathways.
Neurons in the AP express tyrosine hydroxylase (TH) (Armstrong et al., 1982) , and catecholamine neurons in the AP have been thought to be involved in mediating several autonomic functions (Armstrong et al., 1982; Miceli et al., 1987) . The downstream targets of AP neurons are relatively restricted and include the external lateral parabrachial nucleus (PBel), the rostral ventrolateral medulla (RVLM) , and the commissural, medial, and dorsomedial divisions of nucleus of solitary tract (NTS) (van der Kooy and Koda, 1983; Shapiro and Miselis, 1985; Miceli et al., 1987; Herbert et al., 1990; Cunningham et al., 1994) . Notably, these sites are thought to regulate autonomic responses attributable to projections to hypothalamic neuroendocrine neurons and vagal motor and sympathetic preganglionic neurons.
Circulating GLP-1 may directly activate AP neurons; however, the downstream targets of GLP-1-responsive neurons in the AP remain unclear. In the current study, we characterized GLP-1-responsive neurons in the AP using combined in situ hybrid-ization histochemistry (ISHH) and immunohistochemistry. We also investigated TH transcriptional activity in the AP after intravenous and intracerebroventricular EXN-4 administration with a TH intron-specific RNA (heteronuclear; hnRNA) probe. We also assessed TH transcriptional activity in vitro using GLP-1R-expressing cells to determine whether EXN-4 directly activates TH gene transcription. Finally, we injected a retrograde tracer Fluorogold (FG) into the PBel, RVLM, and caudal NTS to determine whether TH-containing AP neurons are activated by intravenous EXN-4 and also target key autonomic control sites.
Materials and Methods
Animals and surgical procedures. Adult male pathogen-free Sprague Dawley rats (250 -350 gm; Taconic Farms, Germantown, NY) were housed in a light-controlled (12 hr light/dark cycle; lights on at 7:00 A.M.) and temperature-controlled (21.5-22.5°C) environment. The animals and procedures used were approved by the Harvard Medical School and Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committees. The rats were monitored daily after surgery to assess general appearance, body weight, and behavior.
Rats were anesthetized with isoflurane (induction, 5%; maintenance, 2%) and were implanted with a SILASTIC catheter in the femoral vein (intravenous administration). For intravenous administration of the peptides, a SILASTIC catheter containing heparinized saline [10 U/ml pyrogen-free saline (PFS); Sigma, St. Louis, MO] was inserted and sutured in place, as described previously (Elmquist and Saper, 1996; Yamamoto et al., 2002) . The end of the catheter was passed under the skin of back, exteriorized between the scapulae, and plugged with a sterile wire stylet.
Thirty-six rats were used for retrograde tracing. In each rat, a single injection was made using iontophoresis and a glass pipette filled with a 2.5% solution of FG (Fluorochrome, Englewood, NJ) dissolved in saline. The driving current (5-6 A, 200 msec, 2 Hz) was delivered for a period of 5-10 min. The injections were guided by stereotaxic coordinates from Paxinos and Watson (1986) . Coordinates for the PBel were as follows (in mm): anterior, 9.0; lateral, 2.4; and ventral, 7.0 from bregma. Coordinates for the RVLM were as follows (in mm): anterior, 12.3; lateral, 2.2; and ventral, 10.0 from bregma. Coordinates for the caudal NTS were as follows (in mm): lateral, 1.0; and ventral, 1.0, at the level of the obex.
Animal perfusion and histology. After survival times of 3 to 5 d, rats were injected with 1 g/kg EXN-4 (n ϭ 23) (American Peptide Company, Sunnyvale, CA) or PFS (n ϭ 13). For single-label Fos experiments, rats were injected with 1 g/kg GLP-1 (7-36 amide ) (n ϭ 4) (Peninsula Laboratories, San Carlos, CA), 1 g/kg albumin-conjugated GLP-1 (n ϭ 4) (ConjuChem, Montreal, Quebec, Canada), or PFS (n ϭ 4). All drugs were administered between 9:00 and 12 A.M. Two hours after administration of peptides or PFS, rats were deeply anesthetized with isoflurane and perfused transcardially with diethyl pyrocarbonate (DEPC)-treated 0.9% saline, followed by 10% neutral Formalin (Sigma). For TH hnRNA in situ hybridization studies, rats were perfused 0 min, 15 min, 30 min, 1 hr, 2 hr, 6 hr, or 24 hr after administration of EXN-4 or PFS (n ϭ 3 for each group). Tissues were removed and postfixed in the same fixative for 4 hr, submerged in 20% sucrose, and cut at 30 m (1:5 series) on a freezing microtome.
Immunohistochemistry. The procedures for immunohistochemistry were performed as reported previously (Elmquist and Saper, 1996; Zhang et al., 2000; Yamamoto et al., 2002) . For single-label immunohistochemistry, sections were pretreated with 0.3% hydrogen peroxide in PBS for 30 min at room temperature and then in 3% normal donkey serum (Jackson ImmunoResearch, West Grove, PA) with 0.25% Triton X-100 in PBS (PDT) for 1 hr, followed by overnight incubation in Fos rabbit primary antisera [Ab5; 1:100,000 in PDT; Oncogene, San Diego, CA] or FG rabbit primary antisera (1:20,000 in PDT; Chemicon, Temecula, CA) at room temperature. After washing in PBS, sections were incubated in biotinylated donkey anti-rabbit IgG (1:1000; Jackson ImmunoResearch) for 1 hr at room temperature and then incubated with avidin-biotin complex (ABC; Vectastain Elite ABC kit; 1:500 in PBS; Vector Laboratories, Burlingame, CA) for 1 hr. A combination of 0.04% diaminobenzidine tetrahydrochloride (DAB) (Sigma), 0.01% nickel ammonium sulfate (Fisher Scientific, Pittsburgh, PA), 0.01% cobalt chloride (Fisher Scientific), and 0.01% hydrogen peroxide dissolved in PBS was used for the chromogen reaction for 5-10 min with two successive rinses in PBS. For FG staining, the nickel and cobalt were omitted from the solution. The tissue sections were mounted onto subbed slides, air dried, dehydrated in alcohol, cleared in xylenes, and then coverslipped with Permaslip (Alban Scientific, St. Louis, MO).
For double-label immunohistochemistry, the sections processed for Fos were blocked in PDT for 2 hr and then incubated in FG rabbit primary antisera (1:20,000 in PDT; Chemicon) or mouse anti-TH (1: 20,000 in PDT; Chemicon) overnight. The sections were processed as described above using DAB as a chromogen.
For triple-label immunohistochemistry, the tissue sections were incubated in Fos antisera and were processed as described above, but we used 3% normal goat serum and incubated sections in the DAB solution without nickel sulfate and cobalt chloride, resulting in a brown nuclear reaction product. Sections were then incubated in FG rabbit primary antisera and mouse anti-TH overnight at room temperature. After washing in PBS, sections were incubated in Alexa 488-conjugated goat anti-rabbit IgG (1:200 in PDT; Molecular Probes, Eugene, OR) and Alexa 594-conjugated goat anti-mouse IgG (1:200 in PDT; Molecular Probes) for 2 hr. The Fos-IR was observed with bright-field optics, and the TH-IR and the retrograde label was observed using the appropriate filter system.
In situ hybridization histochemistry. The protocol for ISHH was a modification of that reported previously (Chan et al., 1993; Elias et al., 1998; Yamamoto et al., 2002) . Antisense GLP-1R and TH intron 35 S-labeled riboprobes were generated from cDNA templates as described previously (Wheeler et al., 1993; Scrocchi et al., 1996; Yamamoto et al., 2002) . For generation of antisense, plasmids were linearized by digestion with HindIII (GLP-1R) and SpeI (TH intron) and subjected to in vitro transcription with T7 (GLP-1R and TH intron) polymerase according to the protocol of the manufacturer (Ambion, Austin, TX).
Dual-label in situ hybridization histochemistry-immunohistochemistry. The protocol used for combined ISHH and immunohistochemistry was a modification of that described previously (Priestley et al., 1993; Elias et al., 1998) . Tissue sections were first processed for ISHH for GLP-1R using free-floating sections, followed by immunohistochemistry for TH, Fos, and FG. Before hybridization, sections were rinsed in DEPC-treated PBS, pH 7.0, and were pretreated with 1% sodium borohydrate (Sigma) in DEPC-PBS for 15 min at room temperature. After washing in DEPC-PBS, sections were rinsed in 0.1 M tetraethylammonium (TEA), pH 8.0, and incubated in 0.25% acetic anhydrate in 0.1 M TEA for 10 min. Subsequently, sections were rinsed in 2ϫ SSC and incubated in hybridization mixture (containing the GLP-1R or TH intron probes) for 12-16 hr at 57°C. The cRNA probes were diluted to 10 6 cpm/ml in hybridization solution of 50% formamide, 10 mM Tris-HCl (Invitrogen, Carlsbad, CA), pH 8.0, 5.0 mg of tRNA (Roche, Indianapolis, IN), 10 mM dithiothreitol, 10% dextran sulfate, 0.3 M NaCl, 1 mM EDTA, pH 8, and 1ϫ Denhardt's solution (Sigma). The following morning, sections were rinsed in 4ϫ SSC and incubated in 0.002% RNAase A (Roche) with 0.5 M NaCl, 10 mM Tris-HCl, pH 8, and 1 mM EDTA for 30 min at 37°C. Sections were rinsed with 2ϫ SSC and washed in 50% formamide in 0.2ϫ SSC at 50°C. Subsequently, sections were rinsed in decreasing concentrations of SSC at 50°C for 1 hr, 0.2ϫ SSC at 55°C for 1 hr, and 0.2ϫ SSC at 60°C for 1 hr. Sections were next washed in PBS thoroughly and then were processed for immunohistochemistry as described above. After staining for Fos, TH, and FG, sections were mounted onto SuperFrost Plus slides (Fisher Scientific), and air dried. Slides were then dehydrated in graded ethanol (70, 80, 90, 95 , and 100%) containing 0.3 M NH 4 OAc and delipidated in chloroform for 10 min, followed by 100 and 95% ethanol. Slides were placed in x-ray film cassettes with BMR-2 film (Eastman Kodak, Rochester, NY) for 2-3 d and dipped in NTB2 photographic emulsion (Eastman Kodak), dried, and stored with desiccant in foil-wrapped slide boxes at 4°C for 2-3 weeks. Slides were developed with D-19 developer (Eastman Kodak) and dehydrated ethanols, cleared in xylene, and coverslipped with Permaslip.
In all procedures, the estimates of cell counts (Fos, TH, and FG) were done by an observer blinded to the treatment groups. The data were not corrected for double counting and a stereological technique was not used, because the objectives we were counting (nuclei and retrogradely labeled cells) did not change in size and section thickness did not vary between groups. Hence, because all double-label studies are inherently qualitative, our results are meant to provide relative data but are not meant to be accurate estimates of absolute cell counts. Data were analyzed by ANOVA and differences between groups by Fisher's PLSD test.
Luciferase assay. INS-1 cells (obtained from Dr. Gordon Yaney, Boston University School of Medicine, Boston, MA) were cultured in RPMI 1640 containing 10 mM HEPES, 10% fetal bovine serum, 1 mM pyruvic acid, 100 U/ml penicillin, 100 g/ml streptomycin, and 50 M 2-mercaptoethanol (Asfari et al., 1992) . Cells were maintained at 37°C in a humidified incubator gassed with 5% CO 2 . Cell cultures were passaged by tripsinization and subcultured once per week.
A 4.5 kb fragment of the 5Ј flanking region of rat tyrosine hydroxylase (Schimmel et al., 1999 ) (provided by Dr. D. M. Chikaraishi, Duke University Medical Center, Durham, NC) was fused to the coding sequence of the luciferase gene in the plasmid pA3LUC to generate rTHLUC (Harris et al., 2001 ). Adherent INS-1 cells grown to 50 -70% confluence in Falcon 35 mm tissue culture dishes (Becton Dickinson, Rutherford, NJ) were trypsinized and transferred to Falcon 35 mm tissue culture dishes at 1 ml/well cell suspension and incubated overnight (14 -18 hr). Cells were transfected using Lipofectamine 2000 (Invitrogen, Grand Island, NY). Cells were rinsed in serum-free culture medium before the addition of 200 l of transfection Lipofectamine mixture containing 2.0 g of plasmid DNA (rTHLUC or RSVLUC), including 20 ng of cytomegalovirus-␤-galactosidase expression vector to control for transfection efficiency.
EXN-4 was dissolved in RPMI culture medium, added to Falcon 35 mm tissue culture dishes, and added 12 hr after transfection, and the cells were lysed and assayed for luciferase and ␤-galactosidase activity after 16 hr of exposure. GLP-1R antagonist, [des-His 1 , Glu 9 ]exendin-4 (Seeley et al., 2000) , was added 30 min before addition of exendin-4. All experiments were performed in duplicate. Statistical analysis was performed using ANOVA combined with Fisher's PLSD test.
Production of photomicrographs. Photomicrographs were captured with a digital camera (AxioCam; Zeiss, Thornwood, NY) mounted directly on the microscope (Axioskop 2; Zeiss) and a Dell Pentium 4 computer. Image editing software [Axiovision (Zeiss) and Adobe Photoshop (Adobe Systems, Mountain View, CA)] was used to combine photomicrographs into plates. Only the sharpness, contrast, and brightness were adjusted. All figures were printed on a dye-sublimation printer (Kodak 8670; Eastman Kodak). For drawings (see Fig. 4 ), cytoarchitectonic details were generated using a camera lucida.
Results

GLP-1R mRNA is expressed by TH neurons in the AP
Using ISHH coupled with immunohistochemistry, we found that a high percentage of TH-immunoreactive neurons in the AP coexpressed GLP-1R mRNA. The GLP-1R mRNA was detected with a 35 S-labeled riboprobe using the free-floating method, followed by TH immunohistochemistry. Double-labeled cells were observed as silver grains overlying brown cytoplasmic staining ( Fig. 1 A, B) . The level of coexpression was high, because Ͼ90% of TH-immunoreactive neurons also expressed GLP-1R mRNA in the AP. Single-labeled TH-immunoreactive neurons or GLP-1R-expressing neurons were found but were clearly in the minority.
GLP-1R agonists activate GLP-1R-expressing TH neurons in the AP
We demonstrated recently that EXN-4 dose dependently increases blood pressure and heart rate and induces Fos-IR in the rat brain 2 hr after intravenous administration of EXN-4 (Yamamoto et al., 2002 ). In the current study, we found that TH-immunoreactive neurons also contained EXN-4-induced Fos-IR in the AP (Fig. 1C,D) . Using ISHH coupled with immunohistochemistry, GLP-1R mRNA expressing neurons in the AP were found to contain Fos-IR after intravenous EXN-4 (Fig. 1 E) .
Additionally, we detected many triple-labeled cells (Fos plus GLP-1R mRNA plus TH), demonstrating that GLP-1R-expressing TH-immunoreactive neurons are activated by EXN-4 ( Fig. 1 E, F, Table 1 ).
Because EXN-4 is a protease-resistant long-acting GLP-1R agonist that is derived from lizard, we also examined Fos-IR after intravenous administration of native mammalian GLP-1 (7-36 amide ). Relatively few Fos-immunoreactive cells were detected in the AP after administration of intravenous GLP-1. To determine whether a stable protease-resistant GLP-1 albumin conjugate that does not cross the blood-brain barrier would also activate GLP-1-responsive neurons in the AP, we assessed Fos activation after administration of CJC-1131, a GLP-1 molecule that forms a rapid covalent peptide-albumin conjugate after administration of the native peptide in vivo. This stabilized GLP-1 albumin complex has slightly reduced potency compared with native GLP-1 but has a longer half-life in the blood stream (Kim et al., 2003) . The distribution pattern of Fos-immunoreactive neurons induced by intravenous albumin-conjugated GLP-1 was similar to that induced by same dose of intravenous EXN-4. These regions included the PVH, PBel, RVLM, AP, and NTS ( Fig.  2 A-D) . Similar to our previous results, dual-label immunohistochemistry revealed that many TH-immunoreactive neurons in these nuclear groups also contained albumin-conjugated GLP-1-induced Fos-IR ( Fig. 1 K, L) .
GLP-1R agonist activates TH gene transcription in vivo and in vitro
To determine whether GLP-1 agonists directly activated TH in specific neurons, we constructed and used an intron-specific (hnRNA) probe developed in our laboratory as a tool to study in vivo transcriptional activity of the TH gene (Yamamoto et al., 2002 ). In the current study, we observed that a few AP neurons showed a detectable nuclear hybridization signal at baseline. Intravenous administration of PFS did not further induce TH hnRNA expression at any time points examined (Fig. 3A) . In contrast, intravenous administration of EXN-4 provoked a robust and rapid increase in TH hnRNA expression in the AP (Fig. 3B) . Specifically, TH hnRNA expression was induced 15 min after intravenous injection and returned to baseline by 24 hr.
To determine whether EXN-4 can directly activate the TH gene in neuroendocrine cells, INS-1 islet cells were transiently transfected with 4.5 kb of the 5Ј flanking sequence of the TH gene fused to the luciferase reporter gene (rTHLUC). INS-1 cells endogenously express the GLP-1R (Kieffer et al., 1996; Skoglund et al., 2000) . Luciferase activity in the transfected INS-1 cells was stimulated in a concentration-dependent manner by EXN-4 (EC 50 of 1.6 ϫ 10 Ϫ11 M) (Fig. 3C) . At the maximally effective concentration, EXN-4 induced a 477% increase in luciferase activity over basal activity. The specificity of the responses for the GLP-1R was confirmed by the demonstration that pretreatment with a GLP-1R antagonist, [des-His 1 , Glu 9 ]exendin-4 (Seeley et al., 2000) , dose dependently inhibited the action of EXN-4 (Fig. 3D) .
Distribution of GLP-1R agonist-activated catecholamine neurons projecting to the PBel, RVLM, and caudal NTS
To identify targets of GLP-1R-expressing neurons in the AP, we injected the retrograde tracer FG into the PBel, RVLM, and caudal NTS (Fig. 4 A-C) . These sites have been shown previously to be innervated by AP neurons (Shapiro and Miselis, 1985; Cunningham et al., 1994). We found FG-labeled AP neurons after injections of FG into the PBel, RVLM, and caudal NTS (Fig.  4 D-F ) . The distribution of cells containing FG-like immunoreactivity (FG-IR; retrogradely labeled neurons) in the AP after these injections was similar to those reported previously (Shapiro and Miselis, 1985; Kachidian and Pickel, 1993; Cunningham et al., 1994) . Characteristically, very high numbers of retrogradely labeled AP neurons were observed after injections of FG into PBel (Fig. 4G, Table 1 ). Lower numbers of retrogradely labeled AP neurons were observed by injecting into the RVLM and caudal NTS (Fig. 4 H, I , Table 1 ).
Five rats had FG injections centered in the PBel, RVLM, and caudal NTS and also received intravenous EXN-4. In each injection site, the numbers of the retrogradely labeled AP neurons in EXN-4-treated rats were not distinct from those in PFS-treated rats (Table 1) . On the other hand, we observed the typical distribution pattern of Fos-IR after intravenous EXN-4 and many double-labeled neurons (containing Fos-IR and FG-IR) in the AP (Figs. 1 H, I, 3G) . In contrast, saline injections resulted in no Fos-IR neurons in the AP. Thus, both the number and percentage of double-labeled (Fos plus FG) neurons was significantly higher in EXN-4-treated rats than those in PFS-treated rats (Table 1) . Using fluorescent immunohistochemistry, we found that the number of triple-labeled (Fos plus FG plus TH) neurons was significantly higher in EXN-4-treated rats (Figs. 1 H-J, 3G-I; Table 1).
Discussion
Using ISHH combined with immunohistochemistry, we found that many catecholamine neurons in the AP expressed GLP-1R and also displayed Fos-IR after intravenous EXN-4. Furthermore, intravenous EXN-4 increased TH transcription in neurons of the AP in vivo, and EXN-4 directly activated the TH promoter using in vitro transfection assays. Together, these studies suggest that engagement of GLP-1R in the AP by EXN-4 leads to TH transcription via promoter elements in the TH gene. In addition, we found that many GLP-1-responsive catecholamine neurons in the AP projected to the PBel, RVLM, and caudal NTS. These findings suggest that catecholamine neurons in the AP are responsive to peripheral GLP-1 and target autonomic regulatory sites. Efferent projections of the AP to the commissural, medial, and dorsomedial parts of NTS have been reported previously (Kachidian and Pickel, 1993; Cunningham et al., 1994) . We centered our injections on the NTS at the level of the AP, including the commissural, medial, and dorsomedial parts. Some of the injections were relatively large. However, because the NTS lies below the AP, we deliberately made injections that avoided tracer intrusion into the AP. GLP-1 released from gut has a short half-life as it is rapidly degraded by the ubiquitous enzyme dipeptidyl peptidase-4 (DPP-IV). In contrast, modified peptidase-resistant GLP-1 analogs and lizard EXN-4 are highly resistant to degradation by DPP-IV, exhibit longer half-lives, and are substantially more potent than native GLP-1 both in vitro and in vivo (Goke et al., 1993; Young et al., 1999) . In this study, we used EXN-4 as a GLP-1R agonist to assess Fos-IR after a single intravenous injection and to determine potential downstream mediators of GLP-1R activation.
A previous study did not report Fos expression in the AP after intravenous native GLP-1 (Rowland et al., 1997) . We hypothesize that this difference is likely attributable to the increased half-life of EXN-4 compared with native GLP-1. For example, the distribution of Fos-IR after administration of EXN-4 is very similar to the pattern detected after albumin-conjugated GLP-1. Additionally, we found that EXN-4 induced relatively little Fos expression in other circumventricular organs, including the subfornical organ and organum vasculosum of the lamina terminalis. These sites typically express Fos-IR after inflammatory stimuli (Elmquist et al., 1997) . Nonetheless, we cannot rule out the possibility that some of the induction of Fos-IR may be attributable to the antigenicity of the non-native GLP-1 agonist.
Functional roles of GLP-1-responsive neurons in the AP
Neurons in the AP have been hypothesized to be involved in rapid homeostatic responses to changes in fluid and nutrient balances, including the regulation of blood pressure (Chan and Sawchenko, 1994) and heart rate (Ferguson and Smith, 1991) , food and water intake (Edwards and Ritter, 1981; Ritter and Taylor, 1990) , emesis (Carpenter, 1990) , conditioned taste aversion (Gallo et al., 1988) , and the secretion of neuroendocrine hormones (Iovino et al., 1988; Cunningham et al., 1994 ). In the current study, we demonstrated intravenous GLP-1R agonists induced Fos-IR in GLP-1R-expressing neurons in the AP. A recent study using 125 I-GLP-1 and 125 I-EXN-4 demonstrated that GLP-1 receptors are accessible to peripheral GLP-1 in the subfornical organ and the AP (Goke et al., 1995; Orskov et al., 1996) . Together with our findings, peripheral GLP-1 likely directly activate neurons in the AP.
We showed previously that both intravenous and intracerebroventricular administrations of EXN-4 induced Fos-IR in catecholamine neurons and provoked a robust and rapid increase in TH hnRNA expression in brainstem catecholamine neurons (Yamamoto et al., 2002) . Interestingly, the patterns of Fos-IR and TH hnRNA expression were distinct in the AP after intravenous and intracerebroventricular administration. Specifically, we found that intravenous EXN-4 induced Fos-IR in neurons of the AP much more than intracerebroventricular administration. These findings led us to hypothesize that catecholamine neurons in the AP are responsive to peripheral GLP-1 but not central GLP-1. In the current study, we found that many catecholamine neurons in the AP expressed GLP-1R and were activated by peripheral GLP-1R agonists. Furthermore, our findings suggest that activation of the GLP-1R induces TH gene expression through the TH promoter. Although still incompletely defined, GLP-1R interacts with heterotrimetric G s proteins (Skoglund et al., 1999) to stimulate adenylate cyclase (Leech et al., 1999) , and to increase production of cAMP (Drucker et al., 1987) . Because the TH promoter contains cAMP-responsive element (Lazaroff et al., 1995) , we hypothesize that the stimulatory effect of GLP-1 on TH promoter activity is mediated via a cAMP signaling mechanism. Interestingly, catecholamine neurons in the AP have been suggested to be involved in mediating several autonomic functions, including cardiovascular responses and emesis (Armstrong et al., 1981 (Armstrong et al., , 1982 Miceli et al., 1987) , which, as noted, peripheral GLP-1 may also induce. The AP has no direct efferent projections to the hypothalamus and autonomic preganglionic neurons (Shapiro and Miselis, 1985; Cunningham et al., 1994) . The targets of the AP projections are relatively restricted and include neurons, including the PBel, the RVLM, and the NTS (van der Kooy and Koda, 1983; Shapiro and Miselis, 1985; Miceli et al., 1987; Herbert et al., 1990; Cunningham et al., 1994 ). In the current study, we found that many catecholamine AP neurons projecting to the PBel were activated by EXN-4. The PB has been suggested to occupy a key position in the central autonomic network, as in interface between medullary control sites and forebrain nuclei involved in autonomic integration (Saper, 1995) . Specifically, neurons in the PBel project topographically to the amygdala. This pathway has been implicated in gustatory, chemosensitive, respiratory, cardiovascular, and nociceptive processes (Herbert et al., 1990; Bernard et al., 1993) . Interestingly, intravenous GLP-1 agonists induced Fos-IR in the central nucleus of the amygdala, suggesting that GLP-1-activated neurons in the AP may be involved in several autonomic functions in part by engaging parabrachioamygdaloid projection. The NTS receives major inputs from the AP (Kachidian and Pickel, 1993; Cunningham et al., 1994; Saper, 1995) . We found several catecholamine and noncatecholamine neurons in the AP that innervate the caudal NTS (Kachidian and Pickel, 1993) . Interestingly, we also found that intravenous EXN-4 activates GLP-1 neurons in the caudal NTS in our preliminary study (Yamamoto et al., 2002) . Thus, we hypothesize that GLP-1 neurons in the caudal NTS receive input from catecholamine neurons in the AP. This input activates GLP-1 neurons, which in turn innervate and activate cell groups expressing GLP-1Rs in the brainstem and hypothalamus. We also found catecholamine neurons in the AP that innervate the RVLM, many of which were activated by EXN-4. The RVLM is well known to be a critical control site in regulating cardiovascular responses (Guyenet et al., 1989) and has descending projections to the sympathetic preganglionic neurons (Ross et al., 1984) . We suggest that projections from the AP to the RVLM may be a possible peripheral GLP-1-activated pathway to engage autonomic responses, including cardiovascular responses (Yamamoto et al., 2002) .
Potential pathophysiological roles of GLP-1
Peripheral GLP-1 promotes nutrient assimilation via stimulation of glucose-dependent insulin release from pancreatic ␤ cells. Thus, GLP-1R agonists such as EXN-4 are currently in clinical trials as a treatment for type II diabetes (Drucker, 1998) . Recently, we demonstrated that central GLP-1 activates sympathetic outflow, including blood pressure, heart rate, and the induction of Fos-IR in the adrenal medulla (Yamamoto et al., 2002) . Our previous and current findings suggest that activation of central autonomic pathways is a potential side effect of GLP-1 drugs used in the treatment of diabetes mellitus. Previous studies have demonstrated that exaggerated plasma concentrations of GLP-1 precede reactive hypoglycemia after oral glucose and contribute to the pathophysiology of the late dumping syndrome (Kreymann et al., 1987; Toft-Nielsen et al., 1998; Gebhard et al., 2001) . The dumping syndrome is a constellation of responses that is relatively common in patients who have undergone a gastrectomy (Hasler, 2002) . The dumping syndrome also has an early component that is characterized by exaggerated sympathetic responses. Although experimental data are still lacking, it is intriguing to speculate that exaggerated plasma concentrations of GLP-1 may also contribute to the pathophysiology of the early phase of the dumping syndrome. Postprandial serum catecholamine levels are significantly higher in dumping syndrome that is paralleled by a transient increase in serum GLP-1 level (Gebhard et al., 2001 ). To date, no effects of GLP-1 on postprandial symptoms have been reported in healthy human (Delgado-Aros et al., 2002) . However, on the basis of our findings, we hypothesize that activation of catecholaminergic neurons in the AP by GLP-1 and their downstream targets may contribute to the pathophysiology of the early dumping syndrome.
In summary, we report that GLP-1-responsive catecholamine neurons in the AP link peripheral GLP-1 with autonomic control sites. We hypothesize that these projections play a critical role in the regulation of rapid homeostatic responses to metabolic stressors and contribute to the regulation of blood pressure and heart rate, food and water intake, emesis, conditioned taste aversion, and the secretion of neuroendocrine hormones.
